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Abstract. Sedimentary cores are widely used for studying Quaternary records. However, the 
amount of sediment that is available is proportional to the diameter of the core, which is rarely 
bigger than 15 cm. One way to obtain more sediment is to use two cores retrieved from almost 
the same location and use them as if they represent a unique sedimentary record. In the present 
work, an experimental design has been applied to verify if “twin cores” from an estuary can be 
considered as representing the same sedimentary record with twice the amount of sediment to 
study. Because sediment can be characterized based on its color, the variables used as 
replicates in the experimental design are the three Lab CIE colors acquired with a X-Rite 
Colortron spectrophotometer. Sediment cores were retrieved from the upper saltmarsh of Gilão 
River’s estuary, southern Portugal. Twin cores, with in between distances of 50 cm, 100 cm 
and 200 cm, from two different sites were analysed. Results from a nested ANOVA show that 
even for the closest twin cores (50 cm apart) there is at least one color variable that shows 
significant variations between the profiles of both cores. These results clearly show that “twin 
cores” cannot be used as a unique sedimentary record without any previous testing, at least in 
such transitional regions. 
1.  Introduction 
The study of sedimentary cores allows the reconstruction of the environmental history of marine e.g. 
[1], transitional e.g. [2] and continental regions e.g. [3]. Most of the coring apparatus available have 
restricted diameter dimensions (3 to max 20 cm) [4], limiting the quantity of sediment representative 
of one deposition layer or age interval. In such conditions, it is very difficult to perform all the 
required or suitable analyses as most of them imply the destruction of the scarce amount of sediment 
available per time interval. Therefore, there is the temptation to use a “twin core” in order to get more 
sediment per time interval and complete the series of analyses on the “equivalent” sediment record. 
This is mostly true in study areas such as transitional zones, namely estuaries, where it is easy to get 
the “twin cores” done almost exactly in the same place with no additional cost. In this context, the 
present work aims to verify the possibility of using such “twin cores” for analytical purposes as if they 
were a unique sedimentary record. 
In order to answer this question, an experimental design has been set up based on the color of the 
sediment because it is one of the sediment characteristics considered to represent an integrated signal 
 
 
 
 
 
of the sediment composition and commonly used for stratigraphic or correlation purposes [5]. 
Moreover, the digital color, which can be acquired with a spectrophotometer through non destructive 
manipulation, gives quantitative information on the color and is used to describe the sediment as well 
as to document changes in depositional conditions [6]. It is also important to refer that the acquisition 
of digital color is an affordable and non-destructive analysis that allows further investigation on the 
sediment afterwards. On such basis, the digital color of the sediment is the parameter considered in the 
present study as the indicator for similarity between the “twin cores”.  
2.  Material and methods 
In order to determine the possibility of replication of cores for sampling and sub-sampling, an 
experimental design was elaborated previously to the sampling of the sedimentary cores. By 
definition, the experimental design is developed to outline the way in which the experiment, namely 
the sampling, should be carried out in order to obtain data that will answer the scientific question by 
means of statistical values.  
2.1.  Experimental design 
The present work aims to determine whether “twin cores” (or paired cores) can be treated as duplicate 
records to increase the sample volume collected in the field. To answer this question it is important to 
obtain statistically significant results, meaning that the effect of the distance between cores has to be 
evaluated statistically, that the observed pattern is not due to random or to site specific conditions.  
In order to address all these questions, the experiment has been designed considering the following 
null hypothesis: “The color is the same for each depth of each core from one site no matter the 
distance between the cores” in order to find out how far can two cores be collected and be used as 
“twin cores”. If the null hypothesis is true, (i.e. p-value not significant) then “twin cores” can be used 
as a unique record, if null hypothesis is not true (i.e. p-value significant) then alternative hypothesis is 
verified. The alternative hypothesis is “The color profiles are different between cores “. 
The experimental design based on the above questions contains several levels (factors): 1) the site 
sampling, 2) the distances between “twin cores” that are reproduced in each site, 3) the two cores 
sampled for each distance at each site, 4) the depth sampling in each core, and 5) the replicates of the 
data acquisition at each depth (figure 1, table 1). 
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Figure 1. The overall design consists in having 
two different sampling sites (Si) in order to verify 
that the results are not just due to a specific site; 
three different distances (Dj) between the twin 
cores (Ck); depths (Pl) in each core, which can be 
considered independent if separated by at least 20 
cm; and finally three replicates of colour at each 
depth (x). 
 
This experimental design is therefore considered as hierarchical, or nested, and deals with the 
interaction that could exist between the distances between cores and the sampling site. In other words, 
this experiment should allow comparing the variations between sites as well as within site, and 
 
 
 
 
 
between cores as well as within cores, with a statistical value for significance. The number of variables 
for each factor, and therefore the degrees of freedom, have been set in order to optimize the statistics 
[7] as describe in table 1,  for a total degree of freedom of 179. 
 
Table 1: Components of the planned experimental design 
Factors Source of variation Number Type Degree of freedom 
Site Si 2 Random 1 
Distance between cores Dj 3 Fixed Orthogonal 2 
 Si x Dj  Interaction 2 
Cores C(S,D)k(i,j) 2 Random nested 6 
Depths P(C(S,D))l(k(i,j)) 5  Random nested 48  
Replicates Em(l(k(i,j))) 3 Residuals 120 
Total    179 
 
2.2.  Sampling 
The sampling site chosen for the present study is a saltmarsh area (37º 11’ N, 07º 27’ W) located in the 
Gilão River estuary, near Tavira’s town, South Portugal (figure 2). Sampling was carried out with a 
half-cane hand corer (figure 3) allowing the retrieval of sediment records of up to 3.15 meters deep, in 
sections of 1 m long and 3 cm in diameter, from the upper marsh of the Gilão River estuary (figure 4). 
Noteworthy is the fact that sampling occurred during summer, sampling sites being very dry as can be 
observed in figure 4. The recovered sediments were mainly constituted by very fine to medium silt, 
with almost homogeneous granulometry along the core, but generally two different color sections from 
top to bottom. Due to highly dense root development, the top sediment was rarely recovered. 
Moreover, none of the cores reached the water table level implying that no drastic moisture change 
along the cores was observed.  Sediment was then transferred to rectangular tubes used in electrical 
assembly in order to be transported in the same day to the laboratory.  On arrival in the laboratory, the 
three color replicates were immediately acquired for each core using the spectrophotometer X-Rite 
Colortron™. The success of this sampling phase was decisive to confirm the statistical model to be 
used for the analysis of variance (section 2.3). 
 
 
 
 
 
 
 
Figure 2. A) Satellite view of the Iberian Peninsula with the location of the area of 
the Almargem-Gilão river estuary; B) Close up of the region topographic map with 
the location of the two sites used in the present study that are ~400 m apart: LG1 and 
LG2; C) and D) Oriented schemes of the two sites and the cores retrieved in each one 
of them, for site LG1 and LG2 respectively. 
 
Accordingly, several methodological tests have been realized, prior to the present work, for optimizing 
the color data acquisition and its reproducibility. The resulting protocol consist in covering the surface 
of the core with transparent 5 cm large scotch tape to insure that there is no contamination by the 
spectrophotometer and that the sediment is not oxidized. The spectrophotometer X-Rite Colortron™ 
was calibrated prior to analyzing each data series, using a 100 % reflectance pure white, followed by a 
0 % reflectance black box, and finally by 6 colors’ target [8]. The 3D color space chosen for the 
present work was the Commission  Internationale de l’Éclairage (CIE) Lab , where L values represent 
the brightness (0 to 300), a values represent the color on the red-green axis (-300 to +300) and b 
values represent the color on the yellow-blue axis (-300 to + 300) [8]. Each of the color components 
Lab are treated separately in the experimental design statistics. 
 
 
 
 
 
 
 
 
 
Figure 3. Half-cane hand corer 
apparatus which has a diameter of ca 3 
cm. 
 Figure 4. Picture showing the remained holes 
after collecting the sedimentary cores at one of 
the two sites (LG1). Note that the second site 
was chosen to have similar environmental 
conditions, for instance vegetation. 
 
2.3.  Statistics 
The statistical model for the analysis of variance (ANOVA) of the present experimental design is a 
nested linear model that can be expressed as follows: 
 
Xijklm = µ + Si + Dj + C(S,D)k(i,j)  + P(C(S,D))l(k(i,j)) + Em(l(k(i,j)))   (cf table 1 for details)  (1) 
H0: µ = µ1= …= µn 
HA: µ ≠ µ1 ≠…≠ µn 
 
Where Xijklm is the mean of values (namely CIE L values, or CIE a values, or CIE b values), µ is the 
variance, Si is the variation effect related to sites (i= 1 to 2), Dj is the variation effect related to 
distance (j= 1 to 3), C(S,D)k(i,j)   is the variation effect related to cores (k= 1 to 2), P(C(S,D))l(k(i,j))  is the 
variation effect related to depth (l= 1 to 5) and Em(l(k(i,j))) are the residuals due to replication (m = 3). 
The null hypothesis (H0) implies that the color of the sediment (and therefore its composition) is 
the same for each depth of each core no matter the distance between cores and/or the site location. The 
alternative hypothesis (Ha) implies that there are differences in the color between depths, which is 
expected, and/or between cores at different distances. If the latter is verified for any of the three 
distances between cores, then there are no so called “twin cores”. 
 Statistics have been computed under R program [9] using the linear model of equation 2.1 in “aov” 
function1 [10]. Since the cores did not have the same recuperation length and color data were acquired 
every 5 cm along the depth (figure 5), color data had to be filtered in order to obtain a homogeneous 
matrix, i.e., with no row with empty cell [11]. In consequence, only five common depths of color data 
were comparable for all the cores. The resultant matrix is built on 5 sediment depths that are 20 cm 
                                                      
1 aov (Color ~  factor(Site) + factor(Distance) + factor(Distance)*factor(Site) +                   
factor(Site):factor(Distance):factor(Core) +  factor(Site):factor(Distance):factor(Core):factor(Depth)) 
 
 
 
 
 
apart, for which independency have been verified through the lack of autocorrelation  even if the 
sample number is reduced (not shown here), starting at 1.55 m and ending at 2.35 m deep, forming a 
balanced dataset with no missing cells [12]. 
3.  Results and discussion 
The results of the analysis of variance for the three color parameters of the color space CIE Lab are 
expressed in table 2. Significant statistical differences were found for all sources of variation in the 
model with p-values <0.001 (***), except for the interaction between site and distance for the 
reflectance (CIE L) with a p-value =0.001 (**; table 2).  Not shown here is the distribution of residuals 
and standardized residuals that show no heterogeneity [13]. Therefore, the results imply that the null 
hypothesis can be rejected and that there is a difference in the three color components between the 
cores taken at distances of 200 cm, 100 cm or even 50 cm apart. The fact that there are significant 
differences between depths (figure 5) is coherent since those differences are used to document the 
sediment history [14] . It was also expected to obtain significant differences between sites since they 
are 400 m apart and an estuarine environment is very complex with a variety of different depositional 
features such as channels and sand banks that change laterally over decimetric scale [15].  
The differences in the depth profiles of each color parameter between cores at both sites (figure 5) 
clearly illustrate the statistical results (table 2). Note that depth profiles between cores A & B do not 
show any significant mismatch (cross-correlation significant at lag= 0, not shown here). The 
reflectance profiles (CIE L) show almost no overlap for both distances between cores, 50 cm (figure 
5A) and 200 cm (figure 5B), at both sites (LG1 and LG2). Although, it is also interesting to note that 
the deepest part of the CIE L profiles of the two cores, 50 cm apart, from site LG2 (figure 5A) fits 
perfectly and could partially be interpreted as a “twin record”. This observation is important because it 
could open the possibility to find “twin records” as punctual and exceptional cases but not as a rule. 
The CIE L variable, also known as reflectance, is believed to be linked either to the water content of 
the sediment [16], its grain size [17], or even its carbonate or silica content [18].  
 
Table 2: Results from the analysis of variance based on the linear model from equation 1 for each of the 
three color parameters. Df : Degree of freedom, Sum Sq.: Sum squared, Mean Sq.: Mean squared 
Source Df Sum Sq. Mean Sq F value P value Signif. 
Site 1 2863.78 
214.71 
792.08 
2863.78 
214.71 
792.08 
1749.5036 
1500.413 
926.0158 
< 2.2e-16 
< 2.2e-16 
< 2.2e-16 
*** 
*** 
*** 
Distance 2 159.62 
14.08 
14.45 
79.81 
7.04 
7.23 
48.7575 
49.205 
8.4489 
3.173e-16 
2.481e-16 
0.0003690 
*** 
*** 
*** 
Site*Distance 2 23.03 
13.74 
42.59 
11.52 
6.87 
21.29 
7.0349 
48.023 
24.8952 
0.001291 
4.766e-16 
9.038e-10 
** 
*** 
*** 
Core 6 1235.54 
15.53 
254.75 
205.92 
2.59 
42.46 
125.7994 
18.087 
49.6370 
< 2.2e-16 
7.262e-15 
< 2.2e-16 
*** 
*** 
*** 
Depth 48 2851.06 
521.91 
1919.57 
59.40 
10.87 
39.99 
36.2860 
75.983 
46.7534 
< 2.2e-16 
< 2.2e-16 
< 2.2e-16 
*** 
*** 
*** 
Residuals 120 196.43 
17.17 
102.64 
1.64 
0.14 
0.86 
   
Signif. codes:  0 '***' 0.001 '**' 0.01 '*' 0.05 '.' 0.1 ' ' 1 
Black (CIE L); Blue (CIE a); Green (CIE b) 
 
 
 
 
 
 
In the present case, the retrieved sediment was relatively dry (figure 4) but no water content was 
measured enabling to put aside the assumption than the observed differences in variance could be 
linked to changes in sediment moisture and not in composition.  Indeed, a previous work on 12 cores 
from the upper marsh of 4 estuaries from the Algarve region showed that the moisture of the 
sediments do change significantly the CIE L values (p-value=0.2674 with two-sample t-test on n=144) 
but not the other two color components (figure 6). 
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Figure 5. Depth profiles of the mean values and the standard deviations, at both sites LG1 and LG2, for: A)  CIE L for 
cores distant by 50 cm; B)   CIE L for cores distant by 200 cm; C)   CIE a for cores distant of 50 cm; and D)  CIE b for 
cores distant of 50 cm (see text for discussion) 
 
Hence, as the other color parameters profiles (CIE a and CIE b; figure 5C and 5D) show no 
corresponding overlap, one should not regard two records as similar or “Twin Cores” based only on 
the CIE L parameter profile. Likewise, the cores LG1A and LG1B show apparent overlap in the 
shallowest part of the profile of the CIE a and b parameters (figure 5C and 5D), but it is not 
statistically significant.  
 In general the color profiles (figure 5) reflect that: i) there are significant differences between 
the two sites; ii) there are significant differences between the two cores at any site and at any distances 
between them and iii) there are differences within depths. With increasing depth, the difference in the 
mean values of the color parameters between cores tends to be smaller, as well as the standard 
deviations. On the other hand, the upper part of the profiles shows great variability in mean values 
between cores with high standard deviations (figure 5). Assuming that the sediment accumulation rates 
are similar, this might be related to the upper sedimentary “instability” linked to vegetation roots, 
redox front and dynamics of groundwater table, which characterize saltmarsh environments [19]. At 
greater depth, the chemical conditions are more stable and thus the variance observed in sediment 
color between cores and even between sites should be smaller. 
When plotting the main effects of the four variables used in the linear model on the mean values of 
each color parameter (figure 7), it appears that the variance for the deeper samples is effectively 
smaller than the variance for the shallower ones. In addition, the three color variables have different 
values for the upper part of the cores in relation to the deeper part. This corroborates the above 
observed variability in color profiles.   
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Figure 6. Boxplot of the three CIE lab color 
components for wet (green) and dry (red) 
sediment. Each boxplot represents 144 color 
analyses on samples recovered from12 cores 
from the Algarve region. Two-sample t-test 
between the wet and dry CIE L data sets 
gives a p-value of 0.2674 which means that 
the two data sets are significantly different. 
 
Furthermore, figure 7 puts in evidence that the main effects on the means’ variance are due to site 
location and sample depth but with much less contribution from the distance between cores. However, 
it is interesting to note that main variations in CIE a values seem to be linked to depth and not sites 
which can be interpreted as an indicator of a reduce lateral variation for sediment characteristics that 
are registered through this color parameter. Therefore, a detailed description of all interactions and 
 
 
 
 
 
effects for each color parameter and at each factor level, as presented in the experiment design (table 2 
and figure 7), can provide important information, as long as the link between color and sediment 
characteristics is known. In any case, if the purpose of a study is to compare records between sites, 
twin cores could still be used because the effect of distances is much less important than the one of 
sites. 
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Figure 7. Representation of the main effects of 
the four variables used in the experimental 
design on the means and standard deviations of 
the values obtained for each colour axis: CIE L 
(A), CIE a (B) and CIE b (C). Horizontal line in 
each of the design plot represent the overall 
mean of the data set (n=180) For instance for the 
mean of all CIE L values is 30.61 , 2.49  for all 
CIE a values, and 6.98 for all CIE b values. 
 
The present study used sample depth intervals of 20 cm in order to have independence between 
samples but the general trend in cored sediment’s studies is to work at very high resolution in order to 
acquire (almost) continuous physical properties [20] for documenting short time climatic events [6]. 
Such high resolution studies when applied to depositional environments such as estuaries where lateral 
variations are very important should have strong concern in extracting the overall climatic record from 
a unique site [2], because the variance observed between sites of only some hundreds of meters away 
might be more important, in some cases, than the variance within the site or the core. 
 
 
 
 
 
 
In conclusion, the present experimental design helps to document the possibility of sediment core 
duplication for being used as “twin cores” for analysis purposes whenever sampling techniques allows 
it. This field of statistics, among others, allows including confidence and levels of significance to 
relations that might be either biased by the observer background or by the sampling method. Indeed, in 
the present study, the structure of the experimental design permits to conclude that the results are not 
due mere coincidence or randomness, at least for the studied estuary. A similar experimental design 
should be applied in future studies aiming to collect twin cores in such transitional regions.  
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